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The stone crayfish Austropotamobius torrentium (Schrank, 1803) is a threatened native European 
freshwater crayfish species for which Natura 2000 network represents the most important conservation 
effort at the European level. In Croatia, there are altogether 25 Natura 2000 sites defined specifically 
for this species. In the present study, we aimed to assess the effectiveness of Natura 2000 sites in pre-
serving stone crayfish diversity through gap analysis, a GIS-based approach that overlays species 
distribution data on a map of designated Natura 2000 sites. Our results showed that the existing Nat-
ura 2000 network in Croatia encompasses most of the areas with a high diversity of A. torrentium; 
currently designated sites harbour 73.3% of recorded A. torrentium populations. Future conservation 
planning efforts, and possible expansion of Natura 2000, should be focused on newly discovered A. 
torrentium populations that present divergent evolutionary lineages.
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Lovrenčić, L., Temunović, M. & Maguire, I.: Koliko dobro postojeća Natura 2000 mreža štiti 
ugroženog potočnog raka u Hrvatskoj? Nat. Croat., Vol. 29, No. 2, 241-253, 2020, Zagreb.
Potočni rak Austropotamobius torrentium (Schrank, 1803) je ugrožena autohtona europska vrsta slat-
kovodnog raka porodice Astacidae za kojeg mreža Natura 2000 predstavlja najvažniju inicijativu u 
konzervaciji na europskoj razini. U Hrvatskoj uključuje 25 područja određenih posebno za ovu vrstu. 
Cilj ovog istraživanja je bio procijeniti učinkovitost Natura 2000 područja u očuvanju raznolikosti 
potočnog raka kroz gap analizu koja se temelji na preklapanju karata rasprostranjenosti ove vrste i 
Natura 2000 određenih područja korištenjem GIS programskog paketa. Rezultati su pokazali da 
postojeća mreža Natura 2000 u Hrvatskoj obuhvaća 73,3% populacija potočnog raka te uključuje i 
područja njegove najveće raznolikosti. Pri izradi budućih planova konzervacije ove vrste i mogućih 
proširenja Natura 2000 područja posebnu pažnju treba obratiti na novootkrivene populacije koje ujed-
no predstavljaju evolucijski divergentne linije. 
Ključne riječi: Austropotamobius torrentium, Astacidae, gap analiza, konzervacijski planovi, zaštita 
bioraznolikosti 
INTRODUCTION
Austropotamobius torrentium (Schrank, 1803), the stone crayfish, is a cold-adapted 
crayfish species native to smaller pristine water bodies related to karstic formations at 
higher altitudes in central and south-eastern Europe (Kouba et al., 2014). In Croatia it 
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is distributed mainly in water bodies of the Black Sea drainage, with a few populations 
in the Adriatic Sea basin (Maguire et al., 2018). It is characterised by complex evoluti-
onary history and high genetic diversity represented by nine distinct mitochondrial 
phylogroups, seven of them inhabiting freshwaters of Croatia (Klobučar et al., 2013; 
Pârvulescu et al., 2019; Lovrenčić et al., 2020). Nowadays numerous populations be-
longing to different phylogroups are threatened by human activities and protection of 
them is indispensable (Maguire et al., 2018). 
Stone crayfish conservation activities ought to secure the long-term survival of spe-
cies by taking into account the complexity of natural ecosystems involving all levels of 
biological diversity and organisation (Rodrigues et al., 2004; Jantke et al., 2013). The-
refore, the development of broad-scale conservation networks of protected areas is 
considered to be a fundamental step for preventing future biodiversity loss through 
enabling the continuation of eco-evolutionary processes (Poiani et al., 2000; Rodrigues 
et al., 2004; Maoirono et al., 2006) and adaptation of species to changes in the distribu-
tion of suitable habitats under the ongoing climate change (Araújo et al., 2011). Effe-
ctive preservation includes: the evaluation of the existing conservation areas in the 
representation of biodiversity, identification of underrepresented elements, and recom-
mendation how the conservation could be enhanced (Abellan & Sanchez-Fernandez 
2015; Bosso et al., 2016). For this reason, systematic approaches to conservation planning 
for protecting A. torrentium should be focused on the preservation of its unique genetic 
diversity so as it ensures adaptive potential and evolutionary response to the fast chan-
ges in the environment and pressures on its habitats.
One of the most important conservation efforts at European level is the Natura 2000 
network. Natura 2000 is the largest network of protected areas in the world, established 
by the European Union (EU) with the aim of ensuring the long-term survival of its most 
valuable and threatened species and habitats. The network includes Special Protection 
Areas (SPAs) designated under the Birds Directive 2009/147/EC and Special Areas of 
Conservation (SACs) designated under the Habitats Directive 1992/43/EEC. The effe-
ctiveness of this network in representing biodiversity has been assessed in numerous 
studies at global or regional scales through gap analysis (Rodrigues et al., 2004; Jantke 
et al., 2011; Verovnik et al., 2011; Gruber et al., 2012; Bagella et al., 2013; Abellan & 
Sanchez-Fernandez, 2015; Maiorano et al., 2015; Orlikowska et al., 2016), and the 
outcomes of these studies vary.
Gap analysis is a GIS-based approach for assessing the effectiveness of protected 
areas in representing species diversity by comparing the distribution of species with 
the extent of the conservation network (Rodrigues et al., 2004; Jennings, 2000; Bosso et 
al., 2016). It is a widely implemented and useful tool for the identification of different 
elements (e.g., species, habitats, ecosystems) that require greater and/or stronger pro-
tection (Jennings, 2000; Scott et al., 2001; Oldfield et al., 2004; Dietz & Czech, 2005; 
O’Dea et al., 2006).
Croatia has one of the most extensive Natura 2000 networks in Europe covering 
36.73% of the land territory and 15.42% of the seashore. Moreover, Natura 2000 in 
Croatia includes 25 designated sites (Sites of Community Importance – SCI) for A. 
torrentium that were defined according to historical and recent data on the distribution, 
size of populations, and abundance of this vulnerable species (Maguire et al., 2011). 
The state members propose their SCI areas to the European Union and once approved, 
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they can be appointed as SACs (Special Areas of Conservation) that are targeted to 
important measures in order to conserve the habitats and species in question. 
From a practical conservation perspective, it is critical to evaluate the extent to which 
present and future protected areas cover A. torrentium diversity in freshwater ecosystems. 
Therefore, the aim of this research was to assess the effectiveness of the Natura 2000 
network in preserving stone crayfish diversity in Croatia, through performing gap 
analysis that overlays A. torrentium distribution data on a map of Natura 2000 sites. This 
study provides the first comprehensive analysis of the effectiveness of conservation are-
as in protecting the endangered stone crayfish in Croatia. 
MATERIAL AND METHODS
Study area 
The karstic freshwaters of the north-central Dinarides in the western part of the Bal-
kans are considered the primary centre of radiation of the stone crayfish, harbouring the 
highest number of lineages and the greatest genetic diversity, while diversity outside 
this area is greatly reduced (Trontelj et al., 2005; Klobučar et al., 2013; Berger et al., 2018; 
Pârvulescu et al., 2019; Lovrenčić et al., 2020) (Fig. 1). Nowadays the phylogeographic 
pattern of the stone crayfish is connected to the palaeo-hydro-geomorphological and 
climatic history of the Balkan Peninsula. The karstification processes fragmented the 
palaeohydrography of the area, which facilitated geographical isolation and enabled 
allopatric speciation shaping this species’ intricate evolution (Trontelj et al., 2005; Klo-
bučar et al., 2013). Because habitat deterioration, decline in water quality, climate change 
and the spreading of invasive alien crayfish species and their pathogens caused popula-
tions decline throughout its distribution range (Kouba et al., 2014; Maguire et al., 2018), 
Fig. 1. Distribution of Austropotamobius torrentium phylogroups in Europe. Colours depict distribution 
of different mitochondrial phylogroups: pink – central and south-eastern Europe (CSE), purple – Gor-
ski Kotar (GK), blue – Lika and Dalmatia (LD), red – Žumberak, Plitvice and Bjelolasica (ŽPB), green 
– Banovina (BAN) and black – Zeleni Vir (ZV), yellow – southern Balkans (SB), grey – Apuseni Moun-
tain (APU) and turquoise – Kordun (KOR, new phylogroup, Lovrenčić et al., 2020).
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the stone crayfish is listed as threatened and protected in Appendix III of the Bern Con-
vention and Annexes II and V of the EU Habitats Directive (92/43/EEC and 97/62/EU). 
Furthermore, it was declared a Natura 2000 species in 2013. 
Species distribution data
This study was performed on a dataset that included previously published work 
on the distribution of A. torrentium in Croatian freshwater bodies (Maguire & Gott-
stein-Matočec, 2004; Maguire et al., 2011; Klobučar et al., 2013; Maguire et al., 2018). 
Distribution data (i.e. the point occurrences) of each A. torrentium population were 
prepared using a geographic information system (ArcGIS). The dataset was split into 
three subsets according to the chronology of population sampling: (I) distribution 
dataset based on the historical data collected from the literature (Grube, 1861; Šoštarić, 
1888; Car, 1901; Brusina, 1907; Entz, 1914; S. Karaman, 1929; M. Karaman, 1961, 1962, 
1963; Albrecht, 1982, Sket, 1988; Sekulić et al., 1989; Delić, 1993; Gottstein, 1998; Go-
ttstein & Kerovec, 1998; Gottstein et al., 1999; Maguire et al., 2002; Maguire & Gott-
stein-Matočec, 2004), and the fieldwork conducted in order to establish Natura 2000 
sites (before 2014) (Maguire et al., 2011); (II) a distribution dataset that included addi-
tional populations discovered during the NIP project (EU Natura 2000 Integration 
Project with the main aim of gathering new distributional data about concerned taxo-
nomic groups in Croatia in order to assess threat status and plan conservation activi-
ties; 2014-2016) (Maguire et al., 2018); (III) combined distribution dataset (all literature 
and documented occurrences available before 2016; I+II). 
Gap Analysis
Gap analysis was applied to assess how much of A. torrentium diversity is covered 
by Natura 2000 network with a computation of the amount of populations included 
or excluded in order to detect areas that need better protection. It is a methodology 
that “identifies the gaps in representation of biological diversity (biodiversity) in are-
as managed exclusively or primarily for the long-term maintenance of populations of 
native species and natural ecosystems” (Scott et al., 1993). In gap analysis, a species is 
considered as a ‘covered’ by the conservation network if at least one occurrence was 
recorded inside the reserve network, while species is considered as a ‘gap’ if it is not 
represented in any of the protected areas (Rodrigues et al., 2004). 
First, in order to determine how well Natura 2000 represents A. torrentium diversi-
ty in Croatia, we overlapped its occurrence data with the map of the Natura 2000 sites 
using ArcGIS. We used the distribution datasets mentioned above (I, II, III) together 
with GIS data layers (the entire Natura 2000 network for Croatia and SCI for A. torren-
tium; available at http://www.bioportal.hr/gis/) supplied by Institute for Environment 
and Nature Conservation. Layers were processed, and then combined to produce a 
single layer of Natura 2000 in Croatia as currently defined. Second, we evaluated the 
percentage of populations outside and inside Natura 2000 by analysing several settin-
gs: (a) distribution map of dataset I overlapped with a map of A. torrentium-designated 
Natura 2000 sites (SCI); (b) distribution map of dataset II overlapped with a map of A. 
torrentium-designated Natura 2000 sites (SCI); (c) distribution map of dataset III over-
lapped with a map of A. torrentium-designated Natura 2000 sites (SCI); (d) distribution 
map of dataset III overlapped with a map of the entire Natura 2000 network in Croatia.
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RESULTS AND DISCUSSION
Natura 2000 and Stone Crayfish distribution overlapped
To the best of our knowledge, there have been no previously published studies on 
the effectiveness of the Natura 2000 network on preventing further stone crayfish 
losses. Thus, this study represents the first evaluation of the conservation value of 
Natura 2000 for a species sensitive to environmental and human activities, one that is 
ecologically important and presents a key component of the biodiversity in the fre-
shwater habitats (Reynolds et al., 2013). 
One of the first stages of systematic conservation planning for A. torrentium was the 
review of conservation areas in th e Natura 2000 network. Our gap analysis, including 
61 populations of A. torrentium in Croatia belonging to seven major mtDNA phylogro-
ups, showed that the Natura 2000 network performs well in representing its diversity, 
which is confirmed by high percentage of covered populations (Figs. 2-5, Tab. 1). 
Overlapping the distribution map of A. torrentium populations (dataset I; occurren-
ces recorded before 2014) with the A. torrentium-designated Natura 2000 sites (SCI) 
revealed that 39 populations (79.6%) were covered, while 10 (20.4%) were located out-
side the designated sites (Fig. 2, Tab. 1). It should be noticed that A. torrentium popula-
tions recorded in dataset I served as the basis for the designation of Natura 2000 sites.
Tab. 1. Number of populations per mitochondrial phylogroup in four different settings (a-d): (a) dis-
tribution map of dataset I overlapped with a map of Austropotamobius torrentium-designated Natura 
2000 sites (SCI); (b) distribution map of dataset II overlapped with a map of A. torrentium-designated 
Natura 2000 sites (SCI); (c) distribution map of dataset III overlapped with a map of Natura 2000 sites 
designated for A. torrentium (SCI); (d) distribution map of dataset III overlapped with a map of the 
entire Natura 2000 network in Croatia. Central and south-eastern Europe (CSE), Gorski Kotar (GK), 
Lika and Dalmatia (LD), Žumberak, Plitvice and Bjelolasica (ŽPB), Banovina (BAN), Zeleni Vir (ZV), 
Kordun (KOR). 
Phylogroup  a b c d
Number of populations covered 
by Natura 2000
GK 13 2 15 15
ZV 1 / 1 1
ŽPB 8 2 10 11
LD 5 / 5 7
CSE 11 1 12 13
BAN 1 / 1 1
KOR / / 0 0
Total  39 (79.6%) 5 44 (73.3%) 48 (80.0%)
Number of populations not 
covered by Natura 2000
GK 0 / 0 0
ZV 0 / 0 0
ŽPB 2 / 2 1
LD 3 / 3 1
CSE 3 2 5 4
BAN 2 / 2 2
KOR / 4 4 4
Total  10 (20.4%) 6 16 (26.7%) 12 (20.0%)
Total number of populations  49 11 60 60
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Fig. 2. Distribution map of recorded A. torrentium populations (dataset I) overlapped with the desig-
nated Natura 2000 sites for A. torrentium (SCI). Dots represent distribution data based on the literature 
and fieldwork conducted in order to establish Natura 2000 sites for A. torrentium (recorded occur-
rences before 2014). Colours depict different mitochondrial phylogroups present in Croatia: pink – 
central and south-eastern Europe (CSE), purple – Gorski Kotar (GK), blue – Lika and Dalmatia (LD), 
red – Žumberak, Plitvice and Bjelolasica (ŽPB), green – Banovina (BAN) and black – Zeleni Vir (ZV). 
Natura 2000-designated sites are represented by red lines and grey areas.
Fig. 3. Distribution map of additional A. torrentium populations discovered during the NIP project (dataset II; 
occurrences represented by green triangles recorded from 2014 to 2016) overlapped with the Natura 2000 sites 
designated for A. torrentium (SCI) that are represented by red lines and grey areas.
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Fig. 4. Distribution map of all recorded A. torrentium populations in Croatia (dataset III; occurrences 
based on the literature and fieldwork conducted in order to establish Natura 2000 sites (different col-
oured dots represent different mitochondrial phylogroups) with additional populations discovered 
during the NIP project (green triangles) (all documented occurrences before 2016) overlapped with the 
Natura 2000 sites designated for A. torrentium (SCI; represented by red lines and grey areas).
Fig. 5. Distribution map of all recorded A. torrentium populations in Croatia (dataset III; occurrences 
based on the literature and fieldwork conducted in order to establish Natura 2000 sites (different col-
oured dots represent different mitochondrial phylogroups) and additional populations discovered 
during the NIP project (green triangles) (all documented occurrences before 2016) overlapped with the 
entire Natura 2000 network in Croatia (SPAs and SACs for Croatia with SCI for A. torrentium). Natura 
2000 designated sites (SCI for A. torrentium) are represented by red lines and grey areas, while SPAs 
and SACs for Croatia are represented by areas with black diagonal lines.
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During the NIP project 11 new populations of A. torrentium were recorded (dataset 
II; recorded occurrences 2014-2016) (Maguire et al., 2018). Gap analysis revealed an 
additional five populations located inside the Natura 2000 sites designated previously 
for A. torrentium, while six populations were outside the protected area (Fig. 3, Tab. 1). 
Detailed molecular analyses of collected crayfish samples during NIP project revealed 
the existence of a new mtDNA phylogroup (phylogroup KOR in Fig. 1; Lovrenčić et 
al., 2020) that was not covered by the currently designated Natura 2000 sites for A. 
torrentium. 
Our results using a combined distribution dataset (dataset III; all literature and 
documented occurrences available before 2016) showed that A. torrentium-designated 
Natura 2000 sites (SCI) covered the species range relatively well, with currently desi-
gnated sites harbouring 73.3% of recorded populations in Croatia (Fig. 4, Tab. 1). 
Overlapping the map of the entire Natura 2000 network in Croatia with a complete 
distribution map of A. torrentium (dataset III) revealed four additional populations 
included in the Natura 2000 network (altogether 48 populations out of 60). Hence, al-
together 80.0% of recorded A. torrentium populations were covered by the Natura 2000 
network (Fig. 5, Tab. 1). 
The distribution of mitochondrial phylogroups and the number of populations per 
phylogroup are displayed in Fig. 1 and Tab. 1. Overlapping all the known distribution 
data with the entire Natura 2000 network in Croatia showed that the mtDNA phylo-
grups with the highest percentage of coverage were GK and ZV, which are among the 
oldest phylogroups in the species phylogenetic tree (all point occurrences covered by 
some level of protection), while the phylogroup with the least coverage was KOR (all 
occurrences outside Natura 2000). Phylogroup KOR represents a newly discovered 
genetically divergent lineage distributed in the Kordun region (Lovrenčić et al., 2020). 
How Natura 2000 works for Crayfish in Croatia?
Freshwater ecosystems are among the most diverse habitats in the world and, at the 
same time, the most threatened by human activities (Strayer & Dudgeon, 2010). High 
intra- and inter-specific diversity are particularly widespread in freshwater environ-
ments, where the isolation of species with limited capacity for dispersal, such as fresh-
water crayfish, often leads to high genetic divergence. Erosion of the freshwater biodi-
versity at European level associated with habitat degradation, overexploitation, inva-
sive alien species, pollution and climate change indicate the need to find an effective 
way of managing species. Therefore, the aim of maintaining existing biodiversity un-
derlies most of the conservation efforts (e.g., Natura 2000) nowadays.
Our study results revelaed that the current Natura 2000 network in Croatia encom-
passes most of the areas with high diversity of A. torrentium, and in that sense, provides 
good protection (Figs. 2-5, Tab. 1). Even though this finding is in agreement with other 
studies evaluating the effectiveness of Natura 2000 (Verovnik et al., 2011; Mazaris et 
al., 2013; Kallimanis et al., 2015; Fois et al., 2017), there are numerous gap analyses 
revealing that coverage of species and ecosystems by existing networks of protected 
areas is insufficient for the long-term maintenance of biodiversity (Dietz & Czech 2005; 
Maiorano et al., 2006; O’Dea et al., 2006; Araújo et al., 2011; Jantke et al., 2011). Since 
some of the studies showing poor Natura 2000 network effectiveness were based on 
species that are not listed in EU directives (Mendoza-Fernandez et al., 2009; Jantke et 
al., 2011; Bagella et al., 2013; Maiorano et al. 2015), it was expected that our species of 
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interest would have a high level of coverage. Austropotamobius torrentium is, indeed, a 
Natura 2000 species, protected on both national and international level, with sites 
designated for ensuring its survival and persistence.
The Natura 2000 network in Croatia is conceived in such a way as to be able to 
prevent further A. torrentium diversity loss; nonetheless gap analysis based on pro-
tected area coverage alone does not necessarily reflect this efficacy (Carrizo et al., 2017; 
Hermoso et al., 2019). Although the Natura 2000 coverage may be satisfactory in terms 
of encompassing the recorded occurrences of this species, there are several drawbacks. 
For example, from a practical point of view, single occurrences within reserve networks 
and site protection alone are considered insufficient to ensure long-term survival and 
to safeguard freshwater biodiversity, especially of species with demanding habitat 
requirements, and do not take into account climate change (Rodrigues et al., 2004a; 
Carrizo et al., 2017). Global climate changes impact the size and extent of areas that 
may potentially be inhabited by species (Parmesan, 2006). So, in the case of A. torren-
tium , which is a cold-adapted species, we may assume distribution shifts to higher and 
colder habitats in the future under further climate change. 
Moreover, an additional limitation of gap analysis is that it does not predict species 
viability and does not reveal previous habitat losses, which can lead to a misleading 
result in the context of present distribution (Jennings et al., 2000). Furthermore, despite 
the overlap with protected areas, many Natura 2000 sites in freshwater ecosystems of 
southern and eastern Europe are managed poorly (Carrizo et al., 2017). Since habitat 
destruction, climate change and invasive alien species present major threats to fresh-
water biodiversity (Cardinale et al., 2012; Castro et al., 2015), the efficacy of the Nat-
ura 2000 network must be enhanced by better local management of freshwater re-
sources. Essential practical actions would require a range of activities/measures, from 
habitat restoration works to managing invasive species. An important and unavoidable 
activity that should be incorporated is building collaboration among various partici-
pants involved, including such stakeholders as local and state agencies, researchers, 
landholders and funding bodies (Blicharska et al., 2016; Carrizo et al., 2017).
Even though the gaps in the diversity coverage could be overcome by extension of 
Natura 2000 network, there is a strong emphasis on directing resources to the most 
threatened populations with high conservation value instead of constantly increasing 
the size of protected areas. Improving existing conservation sites rather than designat-
ing new ones should be the primary focus of the future efforts in increasing conserva-
tion outcomes (Hermoso et al., 2019). The Natura 2000 network is considered a rigid 
network due to the limited potential of adding new sites or adjusting the locations of 
existing sites (Orlikowska et al., 2016). However, there is a potential to improve its 
effectiveness through better management of sites and by implementing local legislation 
and regulations (Fois et al., 2017). Currently, management practices which are not re-
ceiving adequate attention in policy or implementation, low level and quality of pub-
lic participation with lack of flexibility on the part of the authorities are the greatest 
challenges to the functioning of the Natura 2000 network (Blicharska et al., 2016). One 
of the focal points in the future conservation of threatened species such as the stone 
crayfish should be public acceptance and engagement (Davis et al., 2014; Blicharska 
et al., 2016; Fois et al., 2017). Developing and implementing guidelines for public par-
ticipation are needed for successful conservation and improvement of the existing 
Natura 2000 network across Europe. 
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CONCLUSIONS
This study provides the first gap analysis that estimates the effectiveness of the 
Natura 2000 network in supporting and maintaining A. torrentium diversity in Croatia 
using a comprehensive and recently available species occurrence dataset. This analysis 
can serve as a model for other Natura 2000 species and as a base for possible extension 
of the Natura 2000 network.
Our results showed that the Natura 2000 network in Croatia covers species distri-
bution relatively well, and, with good management, we could consider the Natura 2000 
network well suited for the long-term conservation of A. torrentium diversity. 
Since conservation planning implies securing the evolutionary potential of the spe-
cies, it is important to point out that a recently discovered phylogroup from the Kordun 
region is not covered by the current Natura 2000 network; thus this region should be 
proposed as an additional area of protection in the future extension of the Natura 2000 
network. 
In order to achieve effective conservation plans, one of our future goals is to develop 
species distribution models under different climate change scenarios to effectively 
address future distribution under climate changes. Furthermore, since population ge-
netics plays an important role in conservation planning, greater insight into genetic 
structure of the populations is needed for the identification of the populations that have 
the highest conservation value. 
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